The bacterial communities of activated sludge from nine wastewater treatment plants (WWTPs) located in three cities in China were examined using high-throughput MiSeq sequencing. The results showed that there were 57 genera of bacterial populations commonly shared by all nine systems, including Ferruginibacter, Dechloromonas, Zoogloea, Gp4, Gp6, etc., indicating that there was a core microbial community in the microbial populations of WWTPs at different geographic locations. Canonical correspondence analysis (CCA) results indicated that the bacterial community variance correlated most strongly with water temperature, dissolved oxygen (DO), concentrations of chemical oxygen demand (COD), and solids retention time (SRT). Variance partitioning analyses suggested that wastewater characteristics had the greatest contribution to the bacterial community variance, explaining 21% of the variance of bacterial communities independently, followed by operational parameters (17%), and geographic location (11%). This study provided insights into the diversity and bacterial community structures in geographically distributed WWTPs.
Introduction
The biologically activated sludge process is the most widely used biological process to treat municipal and industrial wastewater. The efficient and stable operation of a biological wastewater treatment plant (WWTP) depends on the relative abundance or activity of the microbial populations within it [1, 2] . Despite the environmental importance of these processes, the knowledge of the microbial communities within biological wastewater treatment is incomplete, primarily because of a lack of suitable tools for their analysis [3] . Culture-dependent methods have some limitations because they do not permit the retrieval of most of the bacteria present in complex communities and hence give a poor understanding of microbial community structure [4, 5] . The development of conventional molecular techniques in the last two decades, such as fluorescence in situ hybridization (FISH), denaturing gradient gel electrophoresis (DGGE), clone libraries, etc., have provided new insights into microbial community structure. However, these methods generally have difficulty detecting most of the low-abundance microorganisms in a activated sludge microbial community, thus providing incomplete information about the microbial diversity and community structure within the biological WWTPs [3] .
Recently developed high-throughput sequencing technology such as pyrosequencing and Illumina have significantly improved researchers' ability to investigate the lowabundance microorganisms, and therefore can elucidate the characters of microbial community more completely and accurately [6, 7] . Illumina MiSeq, developed by Illumina Inc., can generate several gigabases of DNA sequence per run -more than other high-throughput sequencing technology. This new technique has been extended to various environmental systems in recent years [8] [9] [10] [11] [12] . However, to our knowledge only a very limited number of studies have used Illumina MiSeq technology to examine the microbial community structures in WWTPs. Also, these early studies only focused on the microbial communities in a single wastewater treatment system [13] and did not examine the relationships between microbial community structures and environmental variables, thus it is not clear how wastewater characteristics, operational parameters, and geographic locations influence the bacterial community structures.
To examine the diversity and abundance of bacteria in wastewater treatment plants located in different geographic regions, and to elucidate how the wastewater characteristics, operational parameters, and geographic locations affect the bacterial community structures, we collected nine activated sludge samples from nine municipal WWTPs located in different regions of China and analyzed these samples via MiSeq technology to obtain the bacterial community structures and diversities.
Materials and Methods

WWTPs and Sampling
Activated sludge samples were collected from the aeration tanks of nine full-scale wastewater treatment plants located at different geographic cities of China: Guangzhou, Luoyang, and Beijing. Details of the locations, treatment processes, influent, and operational parameters of the nine systems are listed in Table 1 . The nine systems were operated using different treatment processes: oxidation ditch, anaerobic/anoxic/aerobic (A 2 O), membrane bioreactor (MBR), and absorption biodegradation (AB) ( Table 1) . Activated sludge samples were collected from the aeration tanks of nine wastewater treatment plants in winter 2012. For archiving, each sample of 40 mL was dispensed into a 50 mL sterile Eppendorf tube and centrifuged at 14,000 g for 10 min. The supernatant was decanted, and the pellet was stored at -80ºC prior to analysis [14] . Meanwhile, various chemical parameters such as COD, total nitrogen (TN), ammonia, total phosphorus (TP), and pH were analyzed according to standard methods [15] .
DNA Extraction and PCR Amplification
Microbial genomic DNA was extracted using a FastDNA SPIN Kit for Soil (MP Biotechnology, Illkirch, France) according to the manufacturer's protocol. Before sequencing, the extracted DNA samples were amplified with a set of primers targeting the hypervariable V4 region of the 16S rRNA gene. The forward primer is 5′-GTGCCAGCMGCCGCGG-3′ and the reverse primer is 5′-GGACTACHVGGGTWT CTAAT-3′. Barcode and adapter were incorporated between the adapter and the forward primers. The PCR amplification was conducted in a 20-μL reaction system containing 4 µL 5×FastPfu Buffer, 2 μL 2.5 mM dNTPs, 0.4 μL Forward Primer (5 μM), 0.4 μL Reverse Primer (5 μM), 0.4 μL Fastfu Polymerase, and 10 ng Template DNA. The PCR was performed under the following conditions: 95ºC for 2 min, 30 cycles of 95ºC for 30 s, 55ºC for 30 s, 72ºC for 30 s, and a final extension at 72ºC for 5 min. PCR products were purified using a QIAquick PCR Purification Kit (Qiagen, Germany).
MiSeq Sequencing
About 500 ng of purified PCR product for each sample was mixed and sent to a commercial company (Majorbio, Shanghai, China) for MiSeq sequencing. After sequencing, Python scripts were written to perform quality filtering of the raw reads as follows: Table 1 . Characteristics of nine wastewater treatment plants. O -Anaerobic/Anoxic/Aerobic, MBR -Membrane bioreactor 1) to sort sequences exactly matching the specific barcodes into different samples, 2) to check sequencing quality by filtering out the reads with any uncalled bases or two-paired end reads with less than 80 bases overlapping, 3) to trim off the barcodes and primers.
Taxonomic classifications of the effective sequences were carried out using the RDP Classifier (Version 2.4) with a set confidence threshold of 80% to assign the sequences to different taxonomy levels. The raw reads have been deposited into the NCBI short-reads archive database (Accession Number: SRR1178945).
Data Analysis
The Shannon-Wiener index was performed to assess bacterial diversity using R 2.14.0 (R Development Core Team, 2011) with a 3% cutoff in nucleic acid sequences. Canonical correspondence analysis (CCA) was used to examine the relationships of bacterial communities and environmental variables. The significant environmental variables were identified by a forward selection procedure using Monte Carlo permutations (999 permutations with a p-value of 0.05). In addition, Variance inflation factors (VIFs; a measure for cross-correlation of explanatory variables) were checked and eliminated if VIFs were more than 20. Based on partial CCA, variance partitioning analysis (VPA) was performed to attribute the variation observed in the bacterial communities to the environmental variables. CCA and VPA were performed by the vegan package in R 2.14.0 (R Development Core Team, 2011).
Results and Discussion
The Composition of Bacterial Community
As shown in Table 2 , after filtering the low-quality reads, there were 23,422-48,321 effective reads for nine activated sludge samples; the library size of each sample was then normalized to 23,422 sequences, which was the lowest number of sequences among the nine samples. An RDP classifier was used to assign these sequence tags into different OTUs with 3% of nucleotide cutoff.
A total of 8, 194 OTUs were recovered from the nine activated sludge samples. Individual samples contained a much smaller number of OTUs (from 2,248 to 3,126; Table 2 ). To assess the internal (within-sample) complexity of individual microbial populations, Shannon-Wiener index (H) and Evenness were calculated. The values of H ranged from 8.07 to 8.87 across the nine samples. The evenness of all samples showed little differences ranging from 0.72 to 0.88 (Table 2) . Fig. 1a summarizes the relative bacterial community abundance at the phylum level for each sample. Proteobacteria was the predominant phylum, constituting between 22 and 48% of all detected OTUs. Bacteroidetes, Acidobacteria, Chloroflexi, and Verrucomicrobia were the subdominant groups, each containing 16-39%, 2-22%, 1-14%, and 0-10% of the detections, respectively.
Within Proteobacteria, β-Proteobacteria was the most dominant group (31-50%), followed by γ-Proteobacteria (7-43%), α-Proteobacteria (8-30%), and δ-Proteobacteria (4-17%) (Fig. 1b) . Within the β-Proteobacteria, Rhodocyclales is the dominant group within a range of 22-42% of all nine samples, followed by Burkholderiales and Gallionellales, representing 12-26% and 7-22% of each population, respectively. The abundance of β-Proteobacteria observed in this study agrees with the previous results [16, 17] .
Core and Unique Families and Genera
In this study, a total of 137 families were obtained. 46 families (accounting for 79-91% of the classified sequences), including Anaerolineaceae, Rhodocyclaceae, Chitinophagaceae, Xanthomonadaceae, Verrucomicrobiaceae, Hyphomicrobiaceae, Planctomycetaceae, Saprospiraceae, Fusobacteriales, etc., were commonly shared by all samples. There were 16 rare families that only appeared in one sample, such as Ectothiorhodospiraceae, Methanocorpusculaceae, Sanguibacteraceae, Pseudonocardiaceae, Nakamurellaceae, Sporichthyaceae, etc., which occupied only <1% of the classified sequences.
At the genera level, 496 genera were acquired from all samples. Among them, 57 were shared by all nine samples, and accounted for 59-82% of the classified sequences. There were 116 rare genera that were only observed in one sample, and accounted for <0.5% of total classified sequences in each sample. There were five genera that were abundant (>1%) in all nine samples, including Ferruginibacter, Dechloromonas, Zoogloea, Gp4, and Gp6. Most of them were also found to be core genera and shared by multiple activated samples from WWTPs by Zhang et al. [18] and Wang et al. [3] These results indicated that these core genera may play crucial roles for wastewater treatment regardless of treatment process and geographic location. Members of Ferruginibacter, such as Ferruginibacter alkalilentus and Ferruginibacter lapsinanis, are capable of hydrolyzing some organic matter [19] . Dechloromonas is a genus capable of reducing perchlorate and also frequently reported as phosphate accumulating organisms in biological wastewater treatment systems [16, 20] . Members of Zoogloea, such as Zoogloea ramigera, have long been considered as the typical activated sludge bacteria responsible for the formation of activated sludge flocculation and improve the purification process [19] . The genera of Gp4 and Gp6 are not well described, and their knowledge and roles in biological WWTPs are limited. This result was in accordance with the findings of Xia et al. [17] , who found that, based on examining bacterial community structures in WWTPs via PhyloChip, five different wastewater treatment reactors share a large proportion of core bacterial population.
Relationship of Environmental Factors to the Bacterial Communities
CCA was performed to correlate environmental factors with bacterial community structures and determine major environmental variables in shaping the bacterial community structures. Based on variance inflation factors (VIF) with 999 Monte Carlo permutations, four significant environmental variables were selected: water temperature, dissolved oxygen (DO), influent concentrations of chemical oxygen demand (COD), and solid retention time (SRT) (Fig. 2) . The length of an environmental parameter arrow in the ordination plot indicates the strength of the relationship of that parameter to community composition. As such, temperature, DO, COD, and SRT appear to be the most important environmental parameters. In this study, water temperature was an important variable influencing bacterial community structures. This agrees with the findings of Hai et al. [1] , who suggested -based on the survey of temporal variation of bacterial taxa in a fulland lab-scale activated sludge bioreactor via pyrosequencing of 16S rRNA genes -that water temperature is one of the most influential factors on bacterial community variance. Ebrahimi et al. [21] found that, in two sequencing batch reactors (SBR) operated at 20ºC, 30ºC, and 35ºC, bacterial richness and diversity were clearly altered. Several other studies also demonstrated that temperature imposed a strong selective pressure on bacterial communities of activated sludge [22] [23] [24] [25] . As with temperature, DO was also strongly and significantly linked to bacterial community variance in CCA analyses. DO is well recognized as a critical process parameter in biological wastewater treatment processes due to its impact on bacterial activity and the high operational costs of aeration. The results of this study showed that DO had a significant effect in shaping the bacterial community structure in wastewater treatment systems. Park et al. [26] have also demonstrated, in two lab-scale bioreactors with different DO concentrations, that DO concentration was an important influential factor based on the T-RFLP analysis of bacterial community structures. In addition to temperature and influent OD, bacterial community variance was also significantly linked to the COD concentrations in the WWTPs in CCA analysis. COD provides carbon and energy sources to heterotrophic bacteria and influences the growth rate of the bacteria [27] . Previous studies have shown that COD (or organic loading) was a crucial factor to shape the bacterial community structures [1, 22] .
Variance partitioning analyses (VPA) was further performed to assess the contributions of wastewater characteristics (COD, TN, TP, pH), operational parameters (DO, temperature, SRT, mixed liquid suspended solids (MLSS)), and geographic locations to the microbial community variance. Fig. 3 indicated that 54% of the variance could be explained by these three components. Wastewater characteristics, operational parameters, and geographic locations could independently explain 21%, 17%, and 11% of the variation of bacterial communities, respectively. Interactions among the three major components seemed to have less influence than did individual components.
About 46% of the community variance could not be explained by these three components. It is reasonable to expect that some unmonitored wastewater and operational factors may play an influential role in shaping bacterial community structures in WWTPs. In addition to the deterministic environmental factors, the neutral factors may also affect the bacterial community structure. Ofiteru et al. [28] suggested that the variation of bacterial community in a full-scale WWTP was consistent with neutral community assembly, where chance and random immigration played an important and predictable role in shaping the communities. Ayarza and Erijman [29] illustrated, in four activated sludge bioreactors, that both deterministic and neutral effects operated simultaneously in the assembly of bacterial communities. Similar results were also observed in other studies [30] [31] [32] . The relative influence of deterministic and stochastic factors in structuring microbial communities within bioreactors warrants future investigation. In summary, high-throughput MiSeq sequencing was used to investigate the bacterial communities of activated sludge samples from nine WWTPs located in three cities in China. In addition to certain unique genera of bacterial populations in each sample, 57 genera, including genera of Ferruginibacter, Dechloromonas, Zoogloea, Gp4, and Gp6, etc., were commonly shared by all samples. This demonstrated that there was a core bacterial community in the microbial populations of WWTPs at different locations. The CCA results illustrated that water temperature, DO, COD, and SRT were correlated most strongly to the variance of bacterial communities. VPA results indicated that wastewater characteristics had the greatest contribution to the bacterial community variance, explaining 21% of the variance of bacterial communities independently, followed by operational parameters (17%) and geographic locations (11%). These findings provided insights into the diversity and bacterial community structures in geographically distributed WWTPs and identified the main factors structuring microbial communities in WWTPs.
